Abstract During inflammation, serum amyloid A (SAA) protein increases up to 1000-fold and can become a major component of high-density lipoprotein (HDL). We have identified a new apolipoprotein molecule (SAA 5 ) as a distinct member of the SAA family. It differs from the inflammatory isotypes (SAA!, SAA 2 , and SAA 3 ) not only in structure but in the fact that it is constitutive on normal HDL where it accounts for more than 90% of total SAA. Whereas all members of the SAA family, including SAA 5 , responded to endotoxin administration, SAA 5 contrasted with other SAAs in its resistance to induction either by a high-fat, highcholesterol atherogenic diet or the injection of mildly oxidized LDL (MM-LDL). These data provide further evidence that the induction of inflammatory molecules by oxidized lipids is W e have recently identified that members of the serum amyloid A (SAA) family are among the inflammatory genes induced when mice are fed a high-fat, high-cholesterol atherogenic diet.
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Abstract During inflammation, serum amyloid A (SAA) protein increases up to 1000-fold and can become a major component of high-density lipoprotein (HDL). We have identified a new apolipoprotein molecule (SAA 5 ) as a distinct member of the SAA family. It differs from the inflammatory isotypes (SAA!, SAA 2 , and SAA 3 ) not only in structure but in the fact that it is constitutive on normal HDL where it accounts for more than 90% of total SAA. Whereas all members of the SAA family, including SAA 5 , responded to endotoxin administration, SAA 5 contrasted with other SAAs in its resistance to induction either by a high-fat, highcholesterol atherogenic diet or the injection of mildly oxidized LDL (MM-LDL). These data provide further evidence that the induction of inflammatory molecules by oxidized lipids is W e have recently identified that members of the serum amyloid A (SAA) family are among the inflammatory genes induced when mice are fed a high-fat, high-cholesterol atherogenic diet. 1 This induction could have implications beyond localized atherosclerotic plaque development as SAA has the ability to associate with preformed high-density lipoprotein (HDL) with displacement of apolipoprotein A-I (apoA-I). 2 This results in remodeling of HDL, yielding larger and denser particles. 2 The functional implication of SAA association with HDL remains to be elucidated, but a number of possibilities merit consideration. When one considers that the affinity of apolipoproteins for HDL is apoA-II>SAA>apoA-I, 3 this displacement would shift the ratio of apoA-II to apoA-I toward apoA-II. The influence that this might have on lipoprotein metabolism is conceivably important, given recent studies in transgenic mice showing that overexpression of apoA-II promotes the development of atherosclerosis. 4 HDL may protect against the development of atherosclerosis by removing excess cholesterol from peripheral tissues during the process of reverse cholesterol transport as well as preventing low-density lipoprotein (LDL) from oxidation. It is conceivable that the selective. In atherosclerosis-susceptible C57BL/6 mice and atherosclerosis-resistant C3H/HeJ mice, the inflammatory SAA isotypes (SAA 1; SAA 2 , and SAA 3 ) responded in a strain-specific manner to oxidized lipids either generated with feeding of the atherogenic diet or introduced by MM-LDL injection. We hypothesize that the constitutive SAA 5 molecules on normal HDL may contribute to its normal physiological role and that the dramatic induction of the inflammatory SAA subfamily equips the particle for an altered yet related functional role appropriate to the inflammatory state. presence of SAA on HDL might influence these processes. An additional factor that needs to be considered is that during inflammatory states, such as when an atherogenic diet is administered to mice, SAA is present on the HDL particle when total HDL cholesterol is significantly decreased, which in itself is generally considered to be a risk factor in atherogenesis. 2 The mouse SAA family can be divided into three subfamilies. The first constitutes the classic inflammatory acute-phase SAAs (SAAj and SAA 2 ) that are dramatically elevated by cytokine-driven hepatic synthesis to even become the major apolipoprotein species of HDL.
5
- 6 The SAA! and SAA 2 genes are expressed mainly in the liver, and the respective mRNA can be detected as early as 2 hours after endotoxin administration. 67 Plasma levels for these molecules peak at 20 hours after the stimulus.
8 Very low levels of SAA! and SAA 2 mRNA can be identified in the kidney, whereas only SAAi mRNA is evident in the ileum. 9 The second subfamily (SAA 3 ) is, in addition to hepatic production, produced at a variety of extrahepatic sites and is only present as a minor apolipoprotein on acute-phase HDL.
10
- 11 Macrophages and adipocytes are the main sources of extrahepatic SAA 3 , and it has been postulated that SAA 3 produced at sites of inflammation could locally associate with lipids generated by tissue necrosis to promote tissue repair.
11 A third subfamily (SAA 5 ) has recently been identified. 8 ' 12 We report here that in contrast to the inflammatory SAA family members, these molecules are constitutively expressed and are the major form of SAA on normal HDL where they constitute more than 90% of the total SAA on the particle as a minor apolipoprotein species. In this study we examined the induction of the various members of the SAA family by the injection of mildly oxidized LDL (MM-LDL) compared with consumption of an atherogenic diet in atherosclerosis-susceptible (C57BL/6) and -resistant (C3H/HeJ) mouse strains. The levels of both hepatic mRNA and plasma protein for the inflammatory SAA family members were much greater in the atherosclerosis-susceptible C57BL/6 strain than in the -resistant C3H/HeJ strain after mice were either fed the atherogenic diet or injected with MM-LDL. The constitutively expressed SAA 5 molecule, although inducible by endotoxin administration, is resistant to induction by MM-LDL and the atherogenic diet in all strains. The fact that MM-LDL failed to induce inflammatory SAAs in C3H/HeJ mice suggests that the resistance to oxidized lipids in this strain resides at the cellular response level in addition to the known reduced ability of C3H/ HeJ mice to generate oxidized lipid species in the liver in response to an atherogenic diet. 
Methods

Mice and Materials
Female MRL/MPJ-lpr/lpr (MRL/lpr) and MRL/MPJ-+/+ (MRL/n) mice were obtained from the Jackson Laboratory. Female C57BL/6, BALB/c, and C3H/HeJ mice were purchased from either the Jackson Laboratory or Harlan Sprague Dawley, Inc. All mice used for experiments were 3 to 6 months old. The control diet was Purina Chow (Ralston-Purina Co) containing 4% fat. The atherogenic diet, obtained from Teklad (TD 90221), contained 15.75% fat, 1.25% cholesterol, and 0.5% sodium cholate. Lipopolysaccharide (LPS) prepared from Escherichia coli 0111 :B4 was purchased from List Biological Laboratories, Inc.
Lipoproteins
Mouse HDL was isolated from plasma by adjusting the density to 1.09 g/mL with solid KBr and centrifuging for 5.3 hours at 242 OOOg in a VTi80 rotor (Beckman Instruments) at 10°C. The infranatants containing HDL were collected, the density was readjusted to 1.21 g/mL with solid KBr, and the infranatants were recentrifuged for 9.4 hours at 242 OOOg in the VTi80 rotor at 10°C. The supernatants containing HDL were extensively dialyzed against a solution of 0.15 mol/L NaCl and 0.01% (wt/vol) EDTA, pH 7.4. 813 Human LDL isolation and preparation of MM-LDL by cold storage and iron oxidation were performed as previously described. 1415 The amount of LPS in MM-LDL preparations was less than 0.5 pg//xg LDL protein as determined by LPS chromogenic assay. 16 Mouse SAA was measured using a rabbit anti-mouse amyloid A antibody (gift from Dr J.D. Sipe, Boston University Medical School) as described. 17 This antibody reacts only with SAA[ and SAA 2 . Rabbit anti-human SAA (amino acid residues 95 to 104) (gift from Prof A.R. Steinmetz, University of Marburg, Germany) reacts with SAA 5 only. Rabbit anti-mouse SAA 3 was a gift from Dr R. Meek, University of Washington, Seattle.
Electrofocusing
Aliquots (200 fig) of mouse HDL were freeze-dried and deiipidated with 0.5 mL chloroform/methanol (2:1, vol/vol). The deiipidated proteins were resuspended in a mixture of 1% (wt/vol) decyl sodium sulfate (Eastman Kodak Co), 7 mol/L urea, and 5% (vol/vol) 2-mercaptoethanol and electrofocused on ultrathin acrylamide gels containing 20% (vol/vol) ampholine pH 3-10, 40% (vol/vol) ampholine pH 4-6.5, and 40% (vol/vol) ampholine pH 7-9 (Pharmacia LKB Biotechnology) as described.
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Extraction of RNA From Tissues and Northern Blot Hybridization Analysis
Livers were collected, frozen in liquid nitrogen, and stored at -70°C. Total RNA was extracted using the acid guanidin- ium thiocyanate-phenol-chloroform method.
18 RNA samples (20 /ig) were denatured and electrophoresed through a 1% formaldehyde agarose gel followed by blotting onto a nylon filter and ultraviolet cross-linking. 19 Northern blots were hybridized with SAA 2 , SAA 3 , and SAA 5 cDNA probes as well as with end-labeled 18-base-long oligonucleotides specific to SAA, and SAA 2 , respectively. Specific 18-mer oligonucleotides were derived from exon 4 as reported previously. 20 Murine SAA 3 cDNA clone (clone pRS48) was a gift from Dr B. Taylor, the Jackson Laboratory. This 483-bp probe does not cross-react with SAA 5 under the conditions described. The cDNA clone for SAA 5 has recently been established. 12 The conditions for hybridization were described elsewhere. 1 The autoradiograms of Northern blots probed with radiolabeled SAA 5 cDNA were measured by densitometric scanning (Ultroscan XL Enhancer Laser Densitometer, Pharmacia LKB) and the values analyzed for statistical significance.
Results
SAA 5 Is Constitutively Present in Mouse HDL
Isoelectric focusing analysis of normal and acutephase HDL from BALB/c mice indicated that practically only SAA 5 is detectable on normal mouse HDL (Fig 1, lane 1) . During an inflammatory stimulus (200 ng IV LPS per mouse), dramatic induction of SAA, and SAA 2 could be seen (Fig 2) . SAA 3 was detected as a minor apolipoprotein species on the HDL. The mouse SAA family is thus similar to the human, in which a constitutive SAA was recently identified. 21 A similar situation exists in C57BL/6 and C3H/HeJ mice, with the only exception being MRL/lpr mice. MRL mice that carry the lpr mutant gene (MRL/lpr) suffer from a phenotype characteristic of human systemic lupus erythematosus (SLE) 22 ; inflammatory SAA isotypes (SAA^ SAA 2 , and SAA 3 ) were clearly the dominant forms of SAA on the HDL of these unstimulated mice (Fig 1, lane 2) .
Induction of SAA Family Members by LPS
By using a cDNA probe for SAA 3 and specific oligonucleotide probes for SAA] and SAA 2 , we con- firmed the significant extrahepatic expression of SAA 3 in response to LPS in BALB/c mice. SAAi and SAA 2 were concomitantly induced but practically only in the liver. A small amount of SAA! mRNA was also detectable in the kidney. SAA 5 was the only SAA family member whose mRNA could be constitutively detected, and it increased in response to LPS. The mRNA for SAA 5 was practically present only in the liver, with trace amounts present in the heart (Fig 2) . Fig 3A clearly indicates a significant induction of mRNA for SAA t and SAA 3 in response to the atherogenic diet in C57BL/6 mice at 5 weeks. At the same time, C3H/HeJ mice showed a less striking increase in , and their hepatic mRNA levels for different SAAs were studied by Northern analysis. In A, lanes 1, 2, and 3 are C57BL/6 mice on the chow diet; lanes 4 and 5, C57BL/6 mice on the atherogenic diet; lanes 6, 7, and 8, C3H/HeJ mice on the chow diet; lanes 9 and 10, C3H/HeJ mice on the atherogenic diet. In B, lanes 1,2, and 3 are C57BL/6 mice on the chow diet; lanes 4, 5, and 6, C57BL/6 mice on the atherogenic diet; lanes 7, 8, and 9, C3H/HeJ mice on the chow diet; lanes 10, 11, and 12, C3H/HeJ mice on the atherogenic diet.
Induction of SAA Family Members by an Atherogenic Diet in Mouse Strains
these acute-phase SAAs. In contrast, the diet did not influence SAA 5 mRNA levels in both strains. When the atherogenic diet was continued for 15 weeks, SAA 5 still remained unchanged, but the clear induction of inflammatory SAA (SAA! in this instance) mRNA was prolonged in C57BL/6 mice and remained at much lower levels in C3H/HeJ mice (Fig 3B) . The induction in the C3H/HeJ strain again was less than that in C57BL/6 mice ( Fig 3B) . Using an immunoradiometric assay for SAAi and SAA 2 , we confirmed that these increased mRNA levels resulted in increased SAA on HDL particles. SAA! and SAA 2 measured 7±3 /ig/mL in C57BL/6 mice and 9±4 ;u,g/mL in C3H/HeJ mice on the chow diet. After mice had been 5 weeks on the atherogenic diet, the SAA levels in C57BL/6 mice increased fivefold, to 36±11 /xg/mL. The corresponding increase in C3H/HeJ mice was much less, doubling in concentration to 19 ±8 jiig/mL. MRL/lpr mice on the chow diet had SAA, and SAA 2 levels of 59±13 ju,g/mL. For BALB/c mice, after LPS administration (25 /xg IP) the levels for SAA, and SAA 2 increased to 287 ±43 /ig/mL.
Induction of SAA Family Members After Injection of MM-LDL
Feeding mice with the atherogenic diet resulted in inflammatory gene induction in tissues that accumulate lipids, such as the liver. Although the hepatic total lipid levels are similar in the atherosclerosis-susceptible C57BL/6 mice and the -resistant C3H/HeJ mice, the former has a greater capacity to oxidize these lipids as indicated by significantly higher levels of conjugated dienes in their livers. 1 The response to MM-LDL was investigated in C3H/HeJ and C57BL/6 mice. The results presented in Fig 4 are representative of several experiments. Aliquots of 50 or 200 ^u, g MM-LDL were injected intraperitoneally and the animals killed 4 hours later. In both C57BL/6 and C3H/HeJ mice, control phosphatebuffered saline (PBS) gave no induction of the mRNA for acute-phase SAAs (Fig 4A and 4B) . In atherosclerosis-susceptible C57BL/6 mice, 50 and 200 fig coldstorage-prepared MM-LDL caused a dramatic induction of SAA 3 mRNA (Fig 4A) . C3H/HeJ mice were resistant. Fig 4B compares the induction of SAA family members in C57BL/6, C3H/HeJ, and BALB/c mice after administration of MM-LDL prepared by iron oxidation, showing the dramatic induction of the inflammatory SAA 2 in C57BL/6 and BALB/c but not in C3H/HeJ mice. SAA! was also dramatically induced in atherosclerosis-susceptible mice (C57BL/6) in response to MM-LDL administration (data not shown). As shown in these Northern blots, SAA 5 is constitutively expressed, and injection of MM-LDL does not significantly alter its expression. To account for the variability in SAA 5 expression among individual mice (Fig 4B) , multiple Northern blots were measured by densitometric scanning, yielding a value of 4.66±0.87 (SD) U for four animals injected with PBS or native LDL and a value of 6.05 ±2.37 (SD) U for eight animals injected with MM-LDL (/>=.30).
Discussion
Our studies on the SAA family indicate that oxidized lipids have the potential to induce inflammatory genes in the liver with systemic inflammatory sequelae. Among these genes are those for certain members of the SAA family (SAAj, SAA 2 , and SAA 3 ) that have the capacity to associate with and radically alter HDL. 2 The SAA proteins are likely to affect both lipoprotein metabolism and inflammatory processes, particularly when one views recent data of altered HDL binding to macrophages and other cells when SAA is present on the HDL particle. 23 Inflammatory gene induction in the liver thus could have a systemic influence on lipoprotein metabolism, amplifying atherogenic potential.
It was recently demonstrated that several members of the SAA family can accumulate at sites of vasculitis and lipid accumulation in MRL/lpr mice. 24 These included SAA 1; SAA 2 , and SAA 3 . As SAAi and SAA 2 are not produced by cells at these sites, it is presumed that they were transported there as part of a systemic inflammatory response, whereas SAA 3 is probably largely produced locally. We suggest that systemic and local inflammation at sites of atherosclerotic plaque development should be viewed in a more integrated way. Large prospective studies on healthy human populations show that classic inflammatory markers such as erythrocyte sedimentation rate, 25 white blood cell count, plasma viscosity, and plasma fibrinogen are all increased in individuals at risk for myocardial infarction. 26 The possibility that oxidized lipids could be contributing to or be responsible for this low-grade inflammation and that SAA could be present on the HDL of such individuals in increased amounts merits consideration.
Until now, the view was prevalent that the SAA family members were present on normal HDL in an insignificant concentration and that these same members increased dramatically during inflammation to become the major apolipoproteins on this particle. We present data that indicate that a member of the mouse SAA family, SAA 5 , constitutes more than 90% of the SAA on the normal HDL particle, with the classic acute-phase SAA isotypes (SAA^ SAA 2 , and SAA 3 ) practically undetectable. During inflammation, the latter isotypes are dramatically increased and dominate on a molar basis. We propose that the constitutive SAA molecules (SAA 5 ) on normal HDL could conceivably contribute to its normal physiological function and that the dramatic induction of the inflammatory members (SAA 1; SAA 2 , and SAA 3 ) equips this particle for an altered functional role appropriate to the inflammatory state. The significant differences that we show here with respect to induction of the SAA family members support this contention. The fact that SAA 5 cannot be induced by oxidized lipids in C57BL/6 and BALB/c mice, whereas the classic acute-phase SAAs are dramatically inducible, provides evidence that oxidized lipid induction of inflammatory genes is selective. This is supported by data that there are differences in the biological pathways by which LPS and MM-LDL trigger gene expression, in that NF-kB-like transcription factor or factors might be directly activated by reactive oxygen intermediates.
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The mechanisms by which a high-fat diet or injected MM-LDL induces the inflammatory SAA genes are unknown. A high-fat, high-cholesterol atherogenic diet has been shown to induce the greatest levels of conjugated dienes in the livers of atherosclerosis-susceptible C57BL/6 mice, with the levels in atherosclerosis-resistant C3H/HeJ mice being significantly lower, 1 suggesting variability among mouse strains to generate oxidized lipids. An additional level of control might exist at the cellular level, given the varied response of mice to the injection of equal quantities of oxidized lipids. The molecular nature of this resistance in C3H/HeJ mice merits further exploration and possibly resides in the inability of reactive oxygen intermediates to activate NF-kB-like transcription factors. Our data show an intimate involvement among oxidized lipids, systemic inflammation, and members of the SAA family. These data also validate the mouse as an important model in which to study these interactive entities.
